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The frog Xenopus can normally regenerate its limbs
at early developmental stages but loses the ability
during metamorphosis. This behavior provides a
potential gain-of-function model for measures that
can enhance limb regeneration. Here, we show that
frog limbs can be caused to form multidigit regener-
ates after receiving transplants of larval limb progen-
itor cells. It is necessary to activate Wnt/b-catenin
signaling in the cells and to add Sonic hedgehog,
FGF10, and thymosin b4. These factors promote
survival and growth of the grafted cells and also
provide pattern information. The eventual regener-
ates are not composed solely of donor tissue; the
host cells also make a substantial contribution
despite their lack of regeneration competence. Cells
from adult frog legs or from regenerating tadpole tails
do not promote limb regeneration, demonstrating
the necessity for limb progenitor cells. These find-
ings have obvious implications for the development
of a technology to promote limb regeneration in
mammals.
INTRODUCTION
Some vertebrate animals, mostly urodele amphibians, can re-
generate limbs after amputation, whereas others cannot
(Brockes and Kumar, 2008; Nacu and Tanaka, 2011; Nye et al.,
2003). Until now it has not been possible to impart regenerative
capacity to animals that cannot do it. The anuran amphibian
Xenopus can normally regenerate its limbs at early develop-
mental stages but gradually loses the ability in late tadpole
stages such that postmetamorphic frogs can only produce an
unsegmented cartilaginous spike after amputation (Dent,
1962). This behavior provides a potential gain-of-function model
for measures that can enhance limb regeneration.
There have been many attempts and claims to enhance frog
limb regeneration in the past. However, all reports of stimulating
regeneration in postmetamorphic frog limbs have proved irre-
producible, although some may have worked in tadpole limbs
(Carlson, 2007; Muller et al., 1999).
One key requirement for successful limb regeneration is the
re-establishment of patterning information in the regenerating
blastema. In urodele amphibian limb regeneration and frogDevetadpole limb regeneration, genes encoding patterning informa-
tion signals, such as those encoding bone morphogenetic
protein (BMP), Wnt, fibroblast growth factor (FGF), and Shh
signaling pathways, as well as the key transcription factors, are
re-expressed in the regenerating blastema, mimicking the
expression during development (Beck et al., 2006; Christen
and Slack, 1997, 1998; Christensen et al., 2002; Endo et al.,
1997; Han et al., 2001; Imokawa and Yoshizato, 1997; Zeller
et al., 2009). In postmetamorphic frogs, however, expression
of these factors is defective, resulting in formation of a single
unsegmented cartilaginous spike after amputation (Yakushiji
et al., 2009). It has been reported that application of FGF10 in
the late tadpole limbs can prolong its regeneration capacity
(Yokoyama et al., 2001), but this is not seen in postmetamorphic
frogs.
Recent studies have indicated the potential for using tissue
progenitor cells for replacement therapy. For example, trans-
plantation of muscle satellite cells has been shown to lead to
functional recovery of dystrophic muscle (Zammit et al., 2006),
and pancreatic precursors made from embryonic stem cells
can cure diabetic animals (Kroon et al., 2008). Early studies on
Xenopus limb regeneration demonstrated that regeneration
capacity is an intrinsic property of the developing limb rather
than depending on the physiological state of the host (Muneoka
et al., 1986; Sessions and Bryant, 1988). As a first step in the
investigation of possible cell transplantation therapies for limb
regeneration we were interested to see whether larval progenitor
cells, when transplanted to the limb amputation surface, could
participate in and stimulate regeneration.
Here, we show that larval limb progenitor cells can indeed
promote frog limb regeneration but that success requires
a number of conditions without which no regeneration is ob-
tained. First, the cells must be applied in a manner enabling
survival, and for this purpose we have employed a ‘‘patch’’ of
fibrin matrix, which can be attached to the cut surface. Second,
the activation of Wnt/b-catenin signaling is necessary, and for
this we have used transgenic animals containing an inducible
gene for stabilized b-catenin. Finally, exogenous factors are
needed to promote growth and survival and to provide
patterning information. We have used Shh and FGF10 delivered
from Affi-Gel beads, together with thymosin b4 incorporated into
the fibrin matrix. With all these conditions satisfied, grafted larval
limb cells will support regeneration of postmetamorphic frog
limbs, generating at least some segmented digits. Remarkably,
the eventual regenerates are not composed solely of donor
tissue; we find that the host cells also make a substantial contri-
bution despite their lack of regeneration competence. Neitherlopmental Cell 24, 41–51, January 14, 2013 ª2013 Elsevier Inc. 41
Figure 1. Thymectomy Is Necessary for Transplantation Experi-
ments in Xenopus Frogs
(A and B) The developing thymus in a control stage 55 tadpole, shown as in
whole-mount animal (A) and on cross-section after hematoxylin and eosin
staining (B). Black arrows indicate thymus.
(C) Limb regeneration after transplantation of a GFP-labeled limb bud to awild-
type frog host. GFP is undetectable in the single spike regenerate, 46 days
postamputation (dpa). Inset shows a green limb bud immediately after trans-
plantation. Note the relative size of the donor and host.
(D and E) Thymus is not regenerated in thymectomized (T-) host, as shown by
the lack of thymus in whole-mount animal (arrows in D) and on cross-section
after haematoxylin and eosin staining (E), 36 days after thymectomy.
(F) Limb regeneration after transplantation of a GFP limb bud to thymectom-
ized (T-) host. The graft has survived long term and generated a multidigit
regenerate. Inset shows GFP fluorescence.
White lines in (C) and (F) indicate amputation levels. Scale bars are 100 mm for
(A), (B), (D), and (E) and 250 mm for (C) and (F). See also Figures S1 and S2.
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Stimulating Regeneration with Progenitor Cellsthe stimulation of Wnt/b-catenin nor the application of Shh and
FGF10 is sufficient to enable frog limbs to regenerate. The addi-
tional presence of larval limb cells is essential. Cells from adult
frog legs or from regenerating tadpole tails do not promote
limb regeneration, demonstrating the necessity for actual limb
progenitor cells.
RESULTS
Forced Expression of Shh and Fgf Fails to Promote Limb
Regeneration
We have forced expression in frog limbs of Shh and FGF10 by
administration of protein on Affi-Gel beads, both in wild-type
limbs and in those expressing activated b-catenin (bcat*) but
fail to observe any enhanced limb regeneration (Table S1, row
1, available online; data not shown). These observations show
that the cells of frog limbs are unable to produce a regeneration
blastema in response to these factors.
A Larval Limb Bud Graft Improves Limb Regeneration in
Thymectomized Frogs, and Both Donor and Host Cells
Contribute
We have extended the previous studies on limb buds grafted to
postmetamorphic hosts to see whether regeneration as well as
growth is possible. We used a transgenic GFP label to monitor
both cell survival and the composition of the eventual regener-
ates. Although the construct contains a nuclear localization
sequence, the GFP protein is found in both nucleus and cyto-
plasm, possibly because of the high expression level. Stage 53
developing limb buds were grafted to either the forelimb or the
hindlimb muscle of postmetamorphic hosts at the zeugopod42 Developmental Cell 24, 41–51, January 14, 2013 ª2013 Elsevier Inlevel, just proximal to the wrist or ankle, and then the limb was
amputated through the graft, leaving some graft tissue in place.
In order to enable the grafts to survive long term we found it was
necessary to thymectomize the host frogs, a method known
to impair the immune response after allografts (Horton and
Manning, 1972). This was done when the future hosts were stage
48 tadpoles, using an electrocautery apparatus (Figure 1). In
immunocompetent hosts, we observed that GFP expression
disappeared soon after transplantation, and most frogs regrew
just the usual spikes (19/22, Figures 1A–1C; Figures S1A and
S1B). In sections, a severe immune reaction to the grafted limb
bud, with lymphocyte infiltration, is obvious (Figures S1C and
S1G). By contrast, in thymectomized hosts, we found that an
implanted limb bud can survive and retain its GFP expression
for at least long enough for the limb to regenerate (Figure 1F;
Figures S1E and S1F). A high proportion of these cases did
regenerate multidigit limbs (13/20, Figure 1F; Figures S1D and
S1H; Table 1, rows 1 and 2). These regenerates are somewhat
disorganized, and in many cases only cartilages are formed (Fig-
ure S1D). Nevertheless, this shows that regeneration of larval
buds does occur in postmetamorphic frogs.
As shown in Figure 1F, we observed GFP expression in the
majority of the regenerated limb tissues, despite the fact that
the original donor limb bud is relatively tiny compared to the
host limb (around 1/60 in section area). We studied the relative
contribution of graft and host cells to these regenerates, using
transgenic GFP-labeled donors andwild-type hosts, and scoring
the different tissue types for the presence of GFP-positive cells.
Unexpectedly, the percentage of GFP-positive cells in the regen-
erating cartilage and muscle is quite low, showing substantial
host participation in the regenerates (Figures S2A–S2D). Our
previous work using pCMVnGFP transgenic tadpoles indicated
that GFP is not always present in all the cells (Daughters et al.,
2011). To exclude the possibility that the low percentage of
donor cells is an artifact due to silencing of GFP expression,
we repeated the experiment by transplanting wild-type limb
buds to pCMVnGFP frog hosts. In unamputated host limbs we
found some silencing or low levels of GFP expression, particu-
larly in cartilage (Figures S3A–S3F). But, when we checked the
GFP expression in the regenerates formed after limb bud graft-
ing, we observed that, despite the presence of some silencing,
about half of the nonepidermal cells are GFP-positive (Figures
S2E–S2H). These observations confirm that many host cells
are recruited to participate in the limb regenerate, even though
they do not on their own have the ability to form anything other
than a cartilage spike.
Enhanced Regeneration by Limb Progenitor Cells with
Active Wnt/b-catenin Signaling and Provision of Growth
Factors
We then examined whether dissociated larval limb progenitor
cells can also promote regeneration. To deliver the cells into
the frog limbs, we tested several methods, including direct injec-
tion and application of cells embedded in hydrogel or fibrin gel
patches. We found that a fibrin gel patch applied to the amputa-
tion surface is an effective delivery method. This is prepared by
suspending the dissociated larval limb cells in medium contain-
ing fibrinogen and then adding thrombin to polymerize the fibrin-
ogen to fibrin (Zhang et al., 2008). The fibrin patch increases cellc.




No. of Digits/Spikes, Experimental Side No. of Digits/Spikes, Control Side
5 4 3 2 1 Mean Extra Digits (p) 5 4 3 2 1
Mean
Extra Digits
Limb bud grafted to
T+ frog limbb
22 0 0 1 2 19 0.18 <0.01 0 0 0 0 22 0
Limb bud 20 0 3 8 2 7 1.35 0 0 0 0 20 0
Limb bud cell patch 25 0 0 0 0 25c 0 <0.01 0 0 0 0 25 0
bcat* limb bud cell
patch + Shh + FGF10
30 0 3d 1 10 16 0.70 0 0 0 0 30 0
bcat* limb bud cell
patch + Shh + FGF10 + Tb4
57 3e 5e 10 11 28 1.0 0 0 0 0 57 0
Regenerating bcat* tail cell
patch + Shh + FGF10 + Tb4
20 0 0 0 0 20 0 0 0 0 0 20 0
Calculation of ‘‘mean extra digits’’ is done by counting all the digits above one and dividing by the number of cases. Numbers are pooled from at least
three independent experiments. The t test is used to compare rows 1 and 2; one-way ANOVA is used to compare rows 3–6. See also Figure S6 and
Table S1.
aAll are to thymectomized frog limbs, except row 1.
bThymus intact .
cTwo have some extra cartilage.
dOne has calcium deposition.
eCalcium deposition.
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form for the application of slow-release beads (Figures 2A–2C).
Because the fibrin patch is applied directly onto the amputation
surface, it occupies the position of a blastema and slows the
covering of the wound surface by the host epidermis (Figures
2D and 2E). However, unlike whole limb bud grafting, transplan-
tation of dissociated limb bud cells in a fibrin patch did not
promote limb regeneration, the best results consisting only of
slight extra cartilage formation near the amputation surface
(Figures 3A–3C, Table 1, row 3).
Normal limb development involves the provision of several
extracellular signals to control regional determination, especially
FGFs from the distal epidermis and Shh from the posterior meso-
derm (Poss, 2010; Tickle, 2006). Both these factors have been
shown to be associated with Xenopus regeneration and devel-
opment (Endo et al., 2000; Lin and Slack, 2008; Yokoyama
et al., 2001). The essential spatial organization of the early limb
is lost during the dissociation process (Hardy et al., 1995;
Yokoyama et al., 1998), so we provided the limb bud cells with
Shh and FGF10, loaded onto Affi-Gel beads embedded in the
fibrin solution before polymerization. The Shh and FGF10 slow-
release beads themselves applied to an amputated frog limb
did not provoke any regeneration (Table S1, row 1) and neither
did the limb bud cell patch supplemented with Shh alone (Fig-
ure 3D). Just a few multidigit regenerates were obtained when
the limb bud cell patch was supplemented with both types of
bead (Table S1, rows 2 and 3).
Previous studies from our own and other labs have shown that
activated Wnt/b-catenin signaling can promote appendage
regeneration in Xenopus tadpoles (Kawakami et al., 2006; Lin
and Slack, 2008). We had previously made a transgenic line
(pHsb-catenin-GFP) expressing a stabilized, and therefore
constitutively active, form of b-catenin, controlled by a tempera-
ture-inducible promoter (denoted here as bcat*). Heat-shock
treatment induces high bcat*GFP expression in the regeneratingDevetissues and increases nuclear localization of activated form of
b-catenin proteins (Figures S3G–S3J). The heat-shock induction
of bcat* also leads to the activation of Wnt/b-catenin target
genes (data not shown). We used cells from limbs of these
tadpoles to test whether combination of bcat* limb cells with
Shh and FGF10 can stimulate limb regenerationmore effectively.
They did indeed produce a higher percentage of multidigit limb
regenerates (Figures 3E–3L; Table 1). The digits mainly contain
cartilage structures, but in some cases, there is mineralization
at the distal tip (Figure 3K) and evidence of proximal-distal
segmentation (Figure 3L).
Thymosin b4 Further Improves the Quality of Limb
Regenerates
Thymosin b4 has been reported to aid wound healing, mobilize
progenitor cells, inhibit inflammatory responses, and promote
bone formation (Huff et al., 2001; Matsuo et al., 2012; Qiu
et al., 2011; Smart et al., 2007; Sosne et al., 2002).The addition
of thymosin b4 to our cell transplants did not greatly increase
the percentage of multiple digit regeneration but does provide
more complete regeneration (Table 1; Figures 3M–3Q). This
has several aspects. There is more bone formation, as visualized
by X-ray imaging (Figure 3N) and alizarin staining (Figure 3O).
There is some clear proximal-distal segmentation in the regener-
ated digits (Figure 3P) and some metacarpal-like structures at
the proximal end of the digits (Figure 3Q). To check whether
there is joint formation we examined the expression of Gdf5,
a marker for joint development (Satoh et al., 2005; Storm et al.,
1994; Storm and Kingsley, 1996, 1999). We found that Gdf5 is
expressed in our regenerates but is absent from control spikes
(Figures S4A–S4C). On sections, some digits (5/22) also showed
localized expression of Gdf5 in the cartilage (Figure 3R). Thus,
we consider these structures to be digits rather than spikes. In
addition, we found that there is abundant innervation of the
regenerates, as shown both by electron microscopy andlopmental Cell 24, 41–51, January 14, 2013 ª2013 Elsevier Inc. 43
Figure 2. Delivery of Cells to the Limb Stump using a Fibrin Patch
(A) A frog limb stump covered with a fibrin patch containing GFP-labeled cells,
1 dpa. The white dotted line indicates the patch. Scale bar, 1 mm.
(B) Migration of nGFP (green) cells out of the patch in an early regenerate,
3 dpa. Nuclei stained with propidium iodide (PI) are shown in red. An area far
away from the patch (outlined in B) is shown in (B’). Scale bar, 100 mm.
(C) The patch allows application of growth factor beads to the limb stump. The
white dotted line outlines the patch, and the blue arrow indicates Affi-Gel
beads. Scale bar, 1 mm.
(D and E) Sagittal sections of limb stumpwith (E) or without (D) fibrin patch. The
blue dotted line indicates the boundary of the patch. Scale bar, 500 mm.
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Stimulating Regeneration with Progenitor Cellsimmunostaining for neuronal specific b-tubulin III (Figures S4D–
S4K). There are some small nerve bundles in control spikes, but
they are much larger and more numerous in the regenerates.
Exogenous Factors Improve Cell Survival and Growth
in Cell Patch Transplant
What is the mechanism underlying the success of this cell-factor
preparation? One obvious consideration is donor cell number,
which can be affected by cell death and/or cell proliferation.
When cells are simply injected into the limb we observed that
there is considerable cell death so that GFP-labeled cells are
no longer detectable after a week. With the fibrin patch trans-
plantation, we observed that GFP-positive cells could survive
many weeks. The addition of Shh/FGF10 beads and the activa-
tion of bcat* in the cells do not significantly reduce the
percentage of donor cells undergoing apoptosis. But, thymosin
b4 in the patch does reduce apoptosis (Figures 4A–4F).
The other key factor is the cell division rate. We examined cell
proliferation by injecting EdU into the hosts and analyzing the
proportion of donor and host cells undergoing DNA synthesis.
The labeling of donor cells is low and is not significantly
increased by Shh and FGF10. With bcat* activation it increases
and is further increased by the presence of the thymosin b4
(Figures 4G–4L). The labeling index correlates well with the
eventual mean extra digit count, and so it is likely to be an
important variable. Interestingly, although there is no significant
difference of cell apoptosis in the host cells between different
transplantation groups, addition of thymosin b4 in the cell patch
does slightly, but significantly, increase the percentage of EdU-
positive cells in the host limb tissue (Figure 4L).44 Developmental Cell 24, 41–51, January 14, 2013 ª2013 Elsevier InReactivation of Genes for Patterning Factors in Cell
Patch Transplants
The other probablemechanism atwork is the provision of pattern
information by the Shh and FGF. It is likely that the proteins are
lost from the Affigel beads after a few days, but by this time
expression of the endogenous genes in the graft should have
become stabilized. Using in situ hybridization and RT-PCR we
found that genes encoding FGFs, Wnts, and Shh are expressed
in the cell transplants (Figure 5). By imaging the in situ signals
with a far-red filter (700 ± 75 nm emission) and GFP expression
by a green filter (525 ± 50 nm emission), we observed that Shh,
Wnt3a, and Wnt5a are exclusively expressed in the implanted
cells, whereas there is expression of Fgf8, Fgf10, and Fgf20,
both in the implanted cells and in the host cells (Figure 5).
Expression of Fgf20 is of particular interest, as it is thought to
be regeneration-specific and essential for appendage regenera-
tion (Whitehead et al., 2005). Consistent with its expression at
the epidermis-mesenchyme boundary during appendage regen-
eration, we observed that Fgf20 is also expressed in GFP-
negative cells in the deep layer of epidermis (Figures 5V–5X).
This panel of genes is also expressed in regenerates from limb
bud transplants, whereas, following the implantation of Shh/
FGF10 beads alone, only Fgf8 and Fgf10 are slightly expressed
(Figures S5A–S5L).
Consistent with the expression of Fgfs and Wnts in the cell
transplant, we also detected increased expression of MPK3,
Lgr5, and Axin2, which have been used to report FGF and Wnt
signaling activities in transgenic animals (Figure S5M) (Barker
et al., 2007; Jho et al., 2002; Kawakami et al., 2003; Lustig
et al., 2002; Molina et al., 2007). This suggests that both FGF
and Wnt signaling pathways are active in the cell transplant.
Although we have attempted to localize the Shh beads to one
side of the patch, this is difficult, and the beads often spread out.
For this reason we would not expect to see a normal digit pattern
in these experiments but consider that local gradients of Shh and
FGF are necessary to get some pattern. Figures S5N–S5U
shows in situ hybridization of hoxa13, which is associated with
distal character, although this is also upregulated without regen-
eration (Ohgo et al., 2010), and of hand2 ( = dHAND), which is
associated with posterior character (Zeller et al., 2009). The
localized expression of hand2 is evidence for some anteroposte-
rior pattern in the cell patch and is dependent on the presence of
limb cells in the patch, as it is not expressed in limb stumps with
bead implantation alone.
Only Limb Progenitor Cells Promote Limb Regeneration
To investigate whether cells from other sources have a similar
ability to promote regeneration, we transplanted cells isolated
from pHsbcat*GFP transgenic tadpole tail regeneration buds
and treated with Shh and FGF10 beads, together with thymosin
b4. Xenopus tails are able to regenerate throughout most of the
tadpole life span, and the mechanisms have been well studied
(Beck et al., 2009; Slack et al., 2008). The presence of the
bcat* transgene promoted more outgrowth of epidermis in this
type of transplant, but the overall regeneration is similar to
untreated controls. Only 3 out of 20 showed a little extra cartilage
formation alongside the spike cartilage (Table 1, row 6; Table S1,
row 4; Figure S6). In addition, we found that fibroblasts cultured
from frog limbs, with or without Shh/FGF10 beads, failed toc.
Figure 3. Xenopus Frog Forelimb Regeneration after Cell Transplantation
Left limbs are transplanted, and right limbs are controls with amputation only.
(A–C) Limb regeneration in a frog with a limb bud cell patch, 2 months postamputation (mpa). Skeletal staining shows that regenerates are still simple spikes (A
and C) similar to controls (B), although two cases gave slight extra cartilage (arrows in C).
(D) Skeletal preparations of four forelimbs treated with limb bud cell patches and Shh beads, showing slightly disturbed cartilages, 2 mpa.
(E–L) Frogs treatedwith a bcat* limb bud cell patch and Shh + FGF10 beads (BSF), 6mpa.Multidigit regenerates are formed (E, F, I, and J) and someproximodistal
segmentation of cartilage is evident (blue arrows in G and L). One digit also has a small patch of calcium deposition (red arrow in K). All panels, except (H), are for
BSF treatment. (H) shows skeletal preparation of a typical spike as control, 6 mpa.
(M–P) A frog treated with a bcat* limb bud cell patch, Shh + FGF10 + thymosin b4 (BSFT), 5 mpa. Multiple digits have regenerated (M), and the X-ray shows the
presence of extensive ossification in the regenerate, as confirmed by skeletal staining (O and P). Some proximodistal segmentation is also clear (blue arrows in P).
(Q) Regeneration of intermediate skeletal elements in frog shown in (M). White dotted lines indicate individual metacarpal-like structures.
(R) Detection of Gdf5 by in situ hybridization in regenerate from frog treated with BSFT. Cross-section of a digit (2 mpa) shows joint-like structure, with Gdf5
expression (between red brackets).
(S) A skeletal preparation of a normal forelimb, for comparison.
Red dotted lines indicate amputation levels. Scale bars in (A), (E), (I), (J), (M), and (N), 500 mm; scale bars in (B)–(D), (F)–(H), (K), (L), and (O)–(S), 100 mm. See also
Figures S3 and S4.
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5). These results strongly indicate that there is a specific require-
ment for regeneration-competent limb progenitor cells to enable
regeneration of limbs.DeveSubstantial Contribution of Host Cells to Limb
Regenerate
We had initially expected the regenerates to be composed
entirely of donor cells, but this is not the case. To analyze celllopmental Cell 24, 41–51, January 14, 2013 ª2013 Elsevier Inc. 45
Figure 4. Cell Death and Cell Proliferation
Analysis in Cell Transplants
(A–E) Cell death detection by TUNEL in 3 day
regenerates after GFP-labeled limb cell patch or
bud graft. (A) Cells with GFP label alone. (B) GFP
limb cell patch with Shh and FGF10. (C) bcat* limb
cell patch with Shh and FGF10. (D) bcat* limb cell
patch with Shh+FGF10+thymosin b4. (E) Whole
limb bud transplantation. Sections are through the
cell patch or the transplanted bud. GFP shown in
green indicates the nGFP or pHsbcat*GFP donor
cells. The TUNEL signal is shown in red, and nuclei
are shown in blue with 4’,6-diamidino-2-phenyl-
indole (DAPI) stain. White asterisks (B–D) indicate
positions of Affi-Gel beads. Scale bars, 100 mm.
(F) Quantification of cell death in the transplants
(G, GFP label only; S, Sonic hedgehog; F, FGF10;
B, activated b-catenin; and T, thymosin b4). Error
bars are standard deviations; n = 4; single-factor
ANOVA shows a significant difference in groups;
*p < 0.05, BSFT versus BSF; **p < 0.01, bud versus
BSFT, as determined by t test.
(G–K) Cell proliferation determined by EdU incor-
poration. EdU is shown in red, and nuclei are
shown in blue. White asterisks in (H)–(J) indicate
positions of Affi-Gel beads. Scale bars, 100 mm.
(L) Quantification of cell proliferation in the trans-
plants; labels as above. Error bars are standard
deviations; n = 4; ANOVA and t test analysis show
significant differences between groups. **p < 0.01,
as determined by t test.
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donors or hosts. Limb cells isolated from pHsbcat*GFP tadpole
limb buds were used as donors in both types of experiments.
After heat-shock treatment for 3 days, GFP expression in
pHsbcat*GFP limbs is activated inmost, but not all, cells (Figures
S3K–S3P). This allows the detection of donor cells in experi-
ments with wild-type hosts (Figure 6), but the presence of
some unlabeled cells in the graft also raises the necessity for
reciprocal experiments using labeled hosts. We found that
GFP in pHsbcat*GFP tadpoles has ceased to be detectable by
4 weeks after the last heat shock. So, for the pCMVnGFP host
group, transplanted with pHsbcat*GFP cells, a period of at least
4 weeks without heat shocks was allowed before fixation (Fig-
ure 7). Although there is some variation of cell contribution,
both types of transplantation experiment showed that host cells46 Developmental Cell 24, 41–51, January 14, 2013 ª2013 Elsevier Inc.contribute substantially to the regen-
erate in cartilage, muscle, and connective
tissues (Figures 6 and 7). By contrast,
there is only limited contribution of donor
cells to the epidermis of the regenerate.
DISCUSSION
The combined total of rows 4 and 5 of
Table 1 (i.e., regenerates with bcat* cell
patch plus Shh and FGF, with or without
thymosin b4) shows 43 multidigit regen-
erates out of 87 (49%), whereas there
are none at all from control amputations,with or without applied factor-soaked beads. These regenerates
are segmented, express the joint marker Gdf5 in some cases
(Figure 3), contain substantial muscle tissue (Figures 6 and 7),
may show ossification (Figure 3), and are innervated (Figure S4).
Though far from normal, they do seem to be functional. The frogs
with the multidigit regenerates eat better than the spike-bearing
controls as their new limbs enable them to grab food. Thismeans
that they grow normally, whereas it is very common to see skinny
control-amputated frogs. These results represent a remarkable
stimulus of regeneration in an animal that does not normally do it.
The key requirements are the use of regeneration-competent
limb progenitor cells, delivered in a manner enabling good cell
survival, and supplemented with extracellular factors necessary
for normal limb development. Both limb progenitor cells and
growth factors are necessary for success (Figure 3; Table 1).
Figure 5. Upregulation of Shh,Wnt, and Fgf
Genes in Limb Regenerates
(A, E, I, M, Q, and U) Whole-mount in situ hybrid-
ization shows expression of Shh, Wnt, and Fgf
genes in limbs following BSFT treatment, 6 days
pa. Scale bars, 500 mm. Numbers indicate
frequency of observed expression in limb regen-
erates.
(B, F, J, N, R, and V) Far-red (magenta) image of
in situ signals developed with Fast Blue BB, with
Y5 filter cube.
(C, G, K, O, S, and W) Detection of GFP-positive
cells with anti-GFP antibody and AlexaFluor 488
conjugated secondary antibody, with GFP filter
cube.
(D, H, L, P, T, and X) Merges: the white color indi-
cates gene expression in GFP-positive cells.
(A–D) Shh, (E–G) Wnt3a, (I–L) Wnt5a, (M–P) Fgf8,
(Q–T) Fgf10, and (U–X) Fgf20. White dotted lines
indicate the edges of the regenerates. Black scale
bars, 500 mm; white scale bars, 100 mm. See also
Figure S5.
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was reported to promote limb regeneration in late tadpole stages
(Yokoyama et al., 2001), but we have failed to obtain similar
results in either late-stage tadpoles or postmetamorphic frogs
(Table S1; Figure 3; data not shown). This suggests that the cells
in postmetamorphic frog limbs have lost the competence to
respond to growth factor signaling and highlights the potential
of using progenitor cells in stimulating regeneration.
The fibrin patchmethod has been successfully used in delivery
of bone-marrow-derived cells into the injured heart (Zhang et al.,
2008), but it has not previously been adapted for appendage
regeneration. Our results show that this delivery system is critical
for success, which we believe is due to the ability to deliver
a large number of cells to the amputation surface. In addition,
the fibrin patch enables application of growth factors to the
amputation surface (Figure 2C). For example, thymosin b4 can
bind directly to fibrin through the two glutamines (Q23, Q36)
(Huff et al., 2001).
For long-term survival of transplanted cells the host needs to
be immunocompromised, such as by removal of the developing
thymus, as reported here. One rationale for our use of thymosin
b4 is the likelihood that there is some residual immune functionDevelopmental Cell 24, 41–5following thymectomy at stage 48 (Horton
and Manning, 1972), and regeneration
might proceed better if this is locally sup-
pressed. It has been proposed that loss of
regeneration in vertebrate animals is
correlated with development of an
immune system that produces an inflam-
matory response in injured tissues
(Mescher and Neff, 2005). The balance
between inflammation and regeneration
can be manipulated to favor one or the
other. Suppression of immune responses
with drugs has been shown to potentiate
tail regeneration in Xenopus tadpoles (Fu-
kazawa et al., 2009). It remains unclearwhether immune suppression in adult frogs can also facilitate
limb regeneration.
It is of great interest that nonregenerating host limb cells can
contribute significantly to the multidigit regenerates after cell
patch transplantation and growth factor provision (Figures 6
and 7). There are significant host contributions to cartilage,
connective tissue, and muscle fibers. The epidermis is almost
entirely host-derived, but this is not surprising as the donor cells
are taken from limb budmesenchyme fromwhich epidermis was
excluded. The host contribution to internal tissues is surprising
because the frog limb cannot normally regrow anything other
than a simple cartilaginous spike. In other cell therapies, such
as treatment of muscular dystrophy by muscle stem cell trans-
plantation (Zammit et al., 2006), it is expected that the trans-
planted progenitor cells should engraft and give rise to functional
progeny, with restoration of normality of the injured or diseased
tissue. But the diseased host cells remain defective. In our
experiments, we believe that so long as regeneration-competent
cells are present to define the pattern in the regenerating limb,
the host cells can be mobilized and ‘‘fill in’’ the newly formed
structures. This process may somewhat resemble limb myogen-
esis in normal development, where myoblasts from nonlimb1, January 14, 2013 ª2013 Elsevier Inc. 47
Figure 6. Analysis of Donor Cell Contribu-
tion in Limb Regenerates after (pHsbcat*
GFP Donor)/(Wild-Type Host) Transplanta-
tions
(A) Diagram of cell contribution analysis. Wild-type
host frogs were transplanted with a bcat* limb bud
cell patch with Shh and FGF10 after amputation.
Heat shock was given for the first 2 weeks to
maintain bcat* expression. Frogs were left without
heat shock for 4 weeks, and heat shock was
given 3 days before sample collection to activate
GFP expression (fused to bcat*) in donor cells. The
red line indicates the level of sections shown in
(B and C)
(B and C) Detection of donor cells (green) in
cartilage (B), muscle (red, with 12/101 antibody
staining, B and C) and epidermis (C) in a regen-
erate illustrated as in (A), 45 dpa. m, muscle; c/b,
cartilage or bone; and e, epidermis. Muscle
tissues are shown in red as revealed by immuno-
staining with 12/101, a specific muscle marker,
and labeled as m in the red channel images;
cartilage and epidermis are outlined with white
dotted lines in the blue channel images.
(D) Quantification of donor and host cell contri-
butions in limb regenerates from (pHsbcat*GFP
donor)/(wild-type host) transplantations. Error
bars, standard deviation; n = 9 animals.
See also Figures S2 and S3.
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pattern determined by the mesenchyme of the limb bud (Cheval-
lier et al., 1977; Rees et al., 2003).
Our procedure could in principle be used on the mammalian
limb. The use of fetal limb cells to treat human limb amputations
may cause ethical controversy, but equivalent cells could prob-
ably be produced with current induced pluripotent stem cell
(iPSC) technology (Cohen and Melton, 2011; Stadtfeld and Ho-
chedlinger, 2010). We can anticipate a procedure whereby
iPSC are cultured from the patient, caused to differentiate to
a state similar to normal limb bud cells, and then be grafted
onto an amputation surface together with the appropriate extra-
cellular factors. This would provide a potential method for re-
placing large amounts of lost tissue without the need for
immunosuppression.
EXPERIMENTAL PROCEDURES
Thymectomy in Xenopus Tadpoles
Xenopus laevis embryos were obtained by in vitro fertilization and staged ac-
cording to the Nieuwkoop and Faber tables (Nieuwkoop and Faber, 1967). To
prepare thymectomized hosts, the thymus was removed by coagulation with
a Surgistat II electrosurgical generator (Valleylab, Boulder, CO, USA). Stage
48–49 tadpoles were anesthetized in 0.02%MS222 (Sigma-Aldrich, St. Louis,
MO, USA) and placed on a returning electrode. A tungsten needle electrode
was inserted into the thymus, and an electrical current was applied at a setting
of 3 W coagulation. Operated tadpoles were raised in 0.1 3 MMR to frogs
3–4 cm snout-vent length, which were used as hosts for cell or tissue grafts.
Limb Bud Grafting and Amputation
Both donor tadpoles and host frogs were anesthetized in 0.02% MS222. A 2-
to 3-mm-long incision wasmade in the left limb skin of the host proximal to the
wrist or ankle and a piece ofmuscle tissuewas removed. A donor limb budwas
removed from a stage 53 tadpole and inserted into the site. The limb bud was48 Developmental Cell 24, 41–51, January 14, 2013 ª2013 Elsevier Inpositioned parallel to the host limb regarding the proximal-distal axis. The host
was kept in MS222 solution for about an hour before returning back to frog
water. Wounds usually close quickly. The day after grafting, both the host
limb and the grafted limb bud were amputated at the same level. The right
limb was amputated at the same level as control.
Transgenic Animals
Transgenic animals were generated as previously described (Kroll and Amaya,
1996), except that the restriction enzyme was omitted. The heat-shock-induc-
ible, GFP-fused-activated b-catenin plasmid (pCH85, renamed here as
pHsbcat*GFP) was a gift from Arne Lekven (Texas A&M University). The N
terminus deletion of b-catenin stabilizes b-catenin and makes it constitutively
active (Munemitsu et al., 1996). pCMVnGFP transgenic animals were gener-
ated by in vitro fertilization from founder animals that were previously created
from a pcDNA3nucGFP transgenic construct. Transgenic embryos were
raised in 0.1 3 MMR and transferred to a circulating aquatic system before
metamorphosis. Upon heat-shock induction, pHsbCat*GFP animals express
GFP in both the nuclei and cytoplasm. It is visible for a few days but becomes
undetectable within 2 weeks. pCMVnGFP animals express GFP mainly in the
nuclei, but cytoplasmic GFP is also apparent, especially in muscle fibers.
Limb Progenitor Cell Dissociation and Transplantation
with Fibrin Patch
Thirty developing hindlimb buds from stage 53 tadpoles were isolated. The
limb epidermis was removed by peeling with fine forceps after making an inci-
sion with a fine microsurgical knife. The mesenchyme tissue was minced as
small as possible, collected into a 1.5 ml Eppendorf tube and washed twice
in PBS (without Ca2+, Mg2+). The tissues were then incubated in 1 ml of TrypLE
medium (Invitrogen, Carlsbad, CA, USA) for 30 min at 37C with rotation. The
resulting single-cell suspension was pelleted by mild centrifugation and
washed three times in 70% Hank’s medium (Invitrogen). Dissociated cells
were then resuspended in fibrinogen solution to prepare the fibrin gel for trans-
plantation, according to the method described previously (Zhang et al., 2008).
Immediately after limb amputation, fibrin gels containing limb progenitor cells
were placed directly onto the limb stump. Affi-Gel beads previously soaked in
growth factors (FGF10, Shh, R&D) were mixed into the fibrin gel or implanted
into the fibrin patch shortly after cell transplantation. When pHsbcat*GFP cellsc.
Figure 7. Analysis of Cell Contribution in
Limb Regenerates after (pHsbcat*GFP
Donor)/(pCMVnGFP Host) Transplantations
(A) Diagram of cell contribution analysis. pCMVn
GFP host frogs were used, and GFP expression in
pHsbcat*GFP donor cells was turned off by not
giving heat-shock treatments. Thus, GFP+ cells
shown in (B)–(D) are from the host. The red line
indicates the level of sections shown in (B)–(D).
(B–D) Detection of host cells (green) in cartilage
(B), muscle (C), and epidermis (D). Cartilage,
muscle, and epidermis are shown as in Figure 6.
Scale bars, 100 mm.
(E) Quantification of donor and host cell contribu-
tions in limb regenerates from (pHsbcat*GFP
donor cells)/(pCMVnGFP host) transplantations.
Error bars, standard deviation; n = 9 animals.
See also Figures S2 and S3.
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starting from the second day, for 2 weeks.
Skeletal Staining
Skeletal staining is as described previously (Inouye, 1976). Briefly, frogs were
euthanized with an overdose of MS222, skinned and eviscerated, washed
briefly with water, and then fixed in 95% of ethanol overnight. Cartilage was
stained with 0.03% Alcian blue (Sigma-Aldrich; in 80% ethanol, 20% acetic
acid solution). After washing in 95% ethanol, the specimens were cleared in
1% KOH until the skeleton was clearly visible. Bone staining was carried out
in 0.03% Alizarin Red (Sigma-Aldrich; in 1% KOH solution). After staining,
specimens were washed in glycerol: 95% ethanol (1:1) solution for one to
several days. Specimens were passed gradually through glycerol/ethanol
solution (80% and 100%) and kept in glycerol.
Immunohistochemistry
Frog limb regenerates were fixed in Zamboni’s fixative (40 mM NaH2PO4,
120 mM Na2HPO4, 2% PFA, and 0.1% saturated picric acid), washed in
PBS, 15% sucrose/PBS, and embedded in OCT medium for cryosectioning.
The slides were dried overnight, permeabilized with 1% Triton in PBS, blocked
with BM blocking reagent, and incubated with the muscle-specific antibody
12-101 (Kintner and Brockes, 1984) or GFP antibodies for one to several hours.
Slides were washed in PBS and secondary antibodies (Alexa Fluor dye conju-
gated goat anti-mouse, or goat anti-rabbit, antibodies; Invitrogen) were used
at 1:500 dilution. Slides were counterstained with DAPI before mounted with
Gel Mount medium.
Cell Composition Analysis in Limb Regenerates
To determine donor and host cell contributions in limb regenerate after whole
limb bud transplantation (Figure S2), either the donor limb bud or the host is
transgenic for pCMVnGFP. GFP-positive cells were detected by immunofluo-Developmental Cell 24, 41–5rescence staining with anti-GFP antibody as
described above. The percentage of GFP-positive
cells in cartilage, muscle, and epidermis were
determined by counting at least three nonadjacent
sections from each of nine animals. Although the
GFP construct contains a nuclear localization
sequence, there is also significant cytoplasmic
expression in these transgenics. Labeled nuclei
were counted for epidermis and cartilage, and
labeled muscle fibers were counted by cyto-
plasmic GFP. The labeled muscle fibers may
contain both donor and host nuclei because of
myoblast fusion.
For cell contribution analysis after dissociated
limb cell transplantation (Figures 6 and 7), either
wild-type or pCMVnGFP frogs were used as hosts,whereas the donor cells were from pHsbcat*GFP tadpole limb buds. In
pHsbcat*GFP transgenic tadpoles, GFP expression can be upregulated in
most of the limb cells with a 3-day (30 min/day) heat shock (Figure S3). It
becomes undetectable if the tadpole is not subjected to heat-shock treat-
ments for 4 weeks. Thus, GFP expression can be used to detect either donor
cells in (pHbcat*GFP donor)/(wild-type host) transplantations or host cells in
(pHsbcat*GFP donor)/(pCMVnGFP host) transplantations. Cell counting was
carried out as for the whole bud grafts.
Cell Proliferation and Cell Death Assays
A Click-iT EdU Assay kit (Invitrogen) was used for cell proliferation analysis in
accordance with the manufacturer’s instructions. Briefly, 0.1 ml of 1 mM solu-
tion of EdU was injected into the frog intraperitoneally (i.p). Specimens were
collected 48 hr later, fixed, and cryosectioned, and EdU detection was per-
formed after the antibody staining. For cell apoptosis analysis, an in situ cell
death detection kit (Roche, Indianapolis, IN, USA) was used after antibody
staining in accordance with the manufacturer’s instructions. Proliferating
and apoptotic cells were counted in two series of sections of regenerating
tissues from three independent experiments. For calculation of the percentage
of EdU-positive and TUNEL-positive donor cells, only GFP-positive cells were
counted. For host cells only GFP-negative cells were counted, in sections in
which few GFP-positive cells were present.
In Situ Hybridization
In situ hybridization on limb regenerates was performed essentially as previ-
ously described (Sive et al., 2000). For detection of GFP-positive donor cells
in the limb regenerate after in situ hybridization, Fast Blue BB (Sigma-Aldrich)
was used for color development. Stained specimens were embedded in
Tissue Freezing Medium (Leica, Wetzlar, Germany), and 10 mm sections
were collected on poly-lysine-coated slides (Thermo Fisher, Waltham, MA,
USA). Sections were then immunostained with anti-GFP (1:500, Abcam,1, January 14, 2013 ª2013 Elsevier Inc. 49
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(1:500; Invitrogen) as second antibody. Photomicrographs were taken on a
Leica MDI6000 microscope. For fluorescence detection of in situ signals
developed with Fast Blue, a Leica Y5 filter cube (excitation 620/60 nm,
emission 700/75 nm) was used (Lauter et al., 2011). For GFP expression,
a GFP filter cube (excitation 470/40 nm, emission 525/50 nm) was used.
Images were processed with IPLab software (BioVision Technologies, Golden,
CO, USA), and figures were prepared with Adobe Photoshop (Adobe).
Statistical Analysis
Analysis of variance (ANOVA) and unpaired t test were used for the analysis of
the data shown in Figure 4. The Mann-Whitney rank sum test was used for
analysis of the digit regeneration data shown in Tables 1 and S1. Differences
were considered to be significant for p values < 0.05 (*) or p < 0.01(**).
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